Differentiation of human pluripotent stem cells (hPSCs) in vitro offers a way to study cell types that are not accessible in living patients. Previous research suggests that hPSCs generate ATP through anaerobic glycolysis, in contrast to mitochondrial oxidative phosphorylation (OXPHOS) in somatic cells; however, specialized cell types have not been assessed. To test if mitobiogenesis is increased during motor neuron differentiation, we differentiated human embryonic stem cell (hESC)-and induced pluripotent stem cell-derived human neural stem cells (hNSCs) into motor neurons. After 21 days of motor neuron differentiation, cells increased mRNA and protein levels of genes expressed by postmitotic spinal motor neurons. Electrophysiological analysis revealed voltage-gated currents characteristic of excitable cells and action potential formation. Quantitative PCR revealed an increase in peroxisome proliferator-activated receptor gamma coactivator 1-a (PGC-1a), an upstream regulator of transcription factors involved in mitobiogenesis, and several of its downstream targets in hESC-derived cultures. This correlated with an increase in protein expression of respiratory subunits, but no increase in protein reflecting mitochondrial mass in either cell type. Respiration analysis revealed a decrease in glycolytic flux in both cell types on day 21 (D21), suggesting a switch from glycolysis to OXPHOS. Collectively, our findings suggest that mitochondrial biogenesis, but not mitochondrial mass, is increased during differentiation of hNSCs into motor neurons. These findings help us to understand human motor neuron mitobiogenesis, a process impaired in amyotrophic lateral sclerosis, a neurodegenerative disease characterized by death of motor neurons in the brain and spinal cord.
Introduction

M
itochondrial biogenesis (mitobiogenesis) is the mechanism by which cells increase their mitochondrial components, ultimately increasing bioenergetic capacity. This process includes transcription of genes encoded by both the mitochondrial and nuclear genomes and is modulated based on the energy needs of the cell. Peroxisome proliferator-activated receptor gamma coactivator 1-a (PGC1a) is an upstream regulator of transcription factors involved in mitobiogenesis and respiration and is encoded by the gene PPARGCIA [1, 2] . PGC-1a is thought to be the master regulator of mitobiogenesis.
PGC-1a interacts directly with nuclear respiratory factors 1 and 2 (NRF1, NRF2) and estrogen-related receptor a (ERRa), which then translocate to the nucleus [3] [4] [5] . This results in increased transcription of genes, including those encoding electron transport chain (ETC) subunits and mitochondrial transcription machinery, which are then localized to the mitochondria [6] . Mitochondrial DNA (mtDNA) is transcribed by a mitochondrial DNA-directed RNA polymerase (POLRMT) with the help of mitochondrial transcription factors A and B2 (TFAM and TFB2M) [7, 8] . Mitochondrial DNA polymerase gamma (POLG) performs mtDNA replication [9] . Although only 13 mitochondrial genes encode proteins, all of them are essential for proper ETC function [10, 11] .
Recent studies in our laboratory and others implicate mitochondrial dysfunction as a significant pathology in neurodegenerative disorders. One of these disorders is amyotrophic lateral sclerosis (ALS), which is characterized by death of motor neurons in the brain and spinal cord. Survival time after diagnosis of ALS is an average of 3-5 years and current treatments do not stop progression of the disease. Despite extensive study, the mechanisms of sporadic ALS (sALS), which accounts for up to 95% of cases [12] , are unknown; however, mitobiogenesis appears to be impaired in postmortem tissues of patients with sALS. PGC1a and its downstream targets showed decreased expression in the postmortem spinal cord and muscle from sALS patients [13] . Additionally, there was decreased activity of ETC subunits and increased mtDNA deletions in isolated postmortem spinal motor neurons [14] [15] [16] and skeletal muscle [17] of sALS patients. Postmortem tissue studies provide information on end-stage disease states, but assessment of isolated human motor neurons in living patients is not currently possible.
The use of human pluripotent stem cells (hPSCs), including human embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs), may provide insight into human cell biology. By differentiating hPSCs from ALS patients and healthy controls into motor neurons, one could potentially understand the physiological mechanisms underlying mitobiogenesis and ultimately what causes neurodegeneration in ALS. This may allow for the identification of targets that prove beneficial in the designing of drugs for neurodegenerative and motor neuron diseases. The first report of motor neuron differentiation from ALS patient iPSCs was in 2008 [18] . Since then, multiple groups have generated iPSC lines from patients containing genetic mutations associated with ALS [19] [20] [21] [22] [23] [24] [25] [26] [27] . While these studies further our understanding of familial ALS, patients with known genetic mutations comprise only 5%-10% of ALS cases. It is important to know if findings from these studies are also relevant in sporadic disease.
iPSCs from patients with sALS have been shown to recapitulate disease pathology [28] ; however, the mitobiogenesis profile of ALS cells remains to be described. By studying cells from living patients with associated clinical data, we hope to learn more about sporadic disease. Toward this goal, a recent study from our laboratory showed decreased mitochondrial-encoded gene expression in peripheral blood mononuclear cells (MNCs) of ALS patients compared with control, suggesting a systemic bioenergetic impairment [29] . If motor neurons differentiated from ALS iPSCs display the same mitochondrial dysfunction seen in postmortem tissue, they may be used as a model of sALS.
Respiration analysis suggests that hPSCs produce ATP mainly through anaerobic glycolysis compared with mitochondrial oxidative phosphorylation (OXPHOS) in somatic cells [30] [31] [32] [33] . However, the details of this reversible switch remain unclear. Initial studies reported that hPSCs had few underdeveloped mitochondria [34] [35] [36] . Recent studies have shown that while they rely on glycolysis for ATP production, hPSCs have active respiratory chain complexes and respire at maximal capacity [30, 37] . The switch to OXPHOS during differentiation would require increased mitochondrial respiratory capacity. There is evidence to suggest that this is achieved by an increase in mitochondrial mass, ATP, and subsequent reactive oxygen species production during spontaneous differentiation of hPSCs [38, 39] . However, more recent studies suggest that when normalized to total protein levels, hPSCs and fibroblasts have a similar mitochondrial mass [37, 40] . Mitochondrial function during human motor neuron differentiation has not yet been assessed.
Normal cell culture conditions grow cells in room air containing *20% oxygen. This is much higher than what neural cells are exposed to in the developing embryo or nervous system. Low oxygen conditions (2%-5%) have been shown to enhance proliferation, differentiation, and survival of stem cells and neurons [41] [42] [43] [44] , including spinal motor neurons [43] . For this study, we grew and differentiated all cultures in 5% oxygen conditions. Neurons are high-energy-requiring postmitotic cells that rely heavily on their mitochondria. Based on the abundant literature supporting the switch from anaerobic glycolysis to mitochondrial OXPHOS during spontaneous differentiation of hPSCs, we hypothesized that mitobiogenesis is increased during motor neuron differentiation and that this would be accompanied by an increase in OXPHOS.
In this report, we differentiated commercially available human neural stem cells (hNSCs) and iPSCs derived from blood into electrically active cells with multiple markers of postmitotic spinal motor neurons. During this process, cells upregulated transcription of genes involved in mitobiogenesis signaling and protein expression of respiratory subunits. Respiration analysis revealed a shift from glycolysis in hNSCs to OXPHOS in motor neurons with a trend toward increased coupling to ATP synthesis. These findings help us to understand human motor neuron mitobiogenesis, a process impaired in ALS.
Materials and Methods
iPSC generation and neural induction
Peripheral blood was collected according to a Virginia Commonwealth University IRB-approved protocol. Integrationfree iPSCs were generated from human MNCs using a previously described protocol [45] , with modifications. Briefly, MNCs were isolated immediately from peripheral blood and expanded by culturing for 2 weeks in MNC medium. The pEB-C5 and pEB-Tg plasmids were obtained from Addgene and grown in the VCU Macromolecular Core Laboratory.
Three · 10 6 MNCs were electroporated with the plasmids using an Amaxa Nucleofector 4D system (Lonza). Immediately following electroporation, an equal volume of 37°C RPMI medium was added to the cuvette and the cells were allowed to recover for 10 min at 37°C before returning to culture in MNC medium. Transfected cells were cocultured on mouse embryonic fibroblasts beginning at day 2, and the schedule of medium changes outlined in the protocol was followed. On day 14, the maintenance medium was changed to mTeSr (Stem Cell Technologies) and colonies with PSC morphology were picked to wells of a 96-well plate beginning at about day 21. Viable colonies were expanded in mTeSR medium on Geltrex (Life Technologies)-coated plates at 37°C in a humidified CO 2 incubator with the oxygen level held at 5%. Growth medium supplemented with 10 mM Rho-associated protein kinase (ROCK) inhibitor Y27632 (R&D Systems) was used for the first 24 h after colonies were split.
Neuralization of iPSCs was accomplished using PSC Neural Induction Medium (Life Technologies) according to the protocol with modifications. Briefly, iPSC colonies were maintained in PSC Neural Induction Medium beginning at day 1 after splitting. On day 5, colonies with good morphology were picked to fresh Geltrex-coated dishes and induction continued for another 5 days. On day 10, colonies were detached using Accutase (Life Technologies), passed through a 100-mm strainer, centrifuged at 300 g for 4 min, and plated in neural expansion medium on Geltrex-coated dishes. Cultures were maintained at 37°C in a humidified CO 2 incubator with the oxygen level held at 5%. Growth medium supplemented with 10 mM ROCK inhibitor Y27632 (R&D Systems) was used for the first 24 h after the NSCs were split through passage 4.
Motor neuron differentiation
To remain in an undifferentiated state, GIBCO Ò Human Neural Stem Cells (H9 hESC derived; Invitrogen) were grown in Knockout Dulbecco's modified Eagle's medium (DMEM)/F-12 containing 2 mM GlutaMAX-I supplement, 20 ng/mL human recombinant basic fibroblast growth factor, and epidermal growth factor and 2% StemPro neural supplement. When cells were *90% confluent, they were dissociated using TrypLEÔ and plated on culture vessels coated with CELLStartÔ or GeltrexÔ. For differentiation into motor neurons, media were changed to neurobasal medium containing 2% B-27 serum-free supplement and 2 mM GlutaMAX-I supplement plus 0.1 mM retinoic acid (RA; Sigma) for 7 days, followed by 7-21 days of 0.1 mM RA plus 0.5 mM purmorphamine (PM) [43, [46] [47] [48] [49] [50] [51] [52] .
After neural induction, iPSCs were differentiated as described previously, with some modifications [51] . Briefly, adherent cells were grown in neural induction media containing DMEM/F12 with 0.2 mM LDN-193189 (LDN; Stemgent), 10 mM SB431542 (SB; Stemgent), 10 ng/mL brain-derived neurotrophic factor (R&D Systems), 0.4 mg/ mL l-ascorbic acid (Sigma), 2 mM GlutaMAX-I supplement, 1% N-2 supplement, and 1% nonessential amino acids (NEAA). Two days later, 1 mM RA was added. On day 4, LDN/SB was stopped and 1 mM smoothened agonist (Calbiochem or Santa Cruz) and 0.5 mM PM were added. On day 14, cells were switched to neurobasal media containing 2 mM GlutaMAX-I, 2% B-27, 1% NEAA, 0.4 mg/mL AA, 10 ng/mL GDNF (R&D Systems), and 10 ng/mL CNTF (R&D Systems). Media were replaced every 2-3 days. Unless otherwise specified, all cell culture materials were purchased from Life Technologies. All cultures were grown at 37°C in 5% oxygen and 5% CO 2 conditions.
Lentiviral vectors
For generation of the HB9::GFP lentivirus, services and products generated by the VCU Massey Cancer Center Biological Macromolecule Shared Resource, supported, in part, with funding from NIH-NCI Cancer Center Support Grant P30 CA016059, were used. Addgene plasmid 37080 [50] was cotransfected with packaging and envelope plasmids, cCMVR8.74 and MD2G. Transfection and viral concentration were performed using standard published protocols. Virus titer was 5 · 10 7 TU/mL in phosphatebuffered saline (PBS). Cells were infected at a multiplicity of infection of 3-5 with 8 mg/mL protamine sulfate 5 days before recording.
Electrophysiology
For whole-cell patch-clamp experiments, cells were differentiated for 28 days. Two days before recording, cells were moved to 12-mm-diameter circular glass coverslips (neuvitro). On the day of recording, coverslips were placed in a recording chamber on the stage of an inverted microscope (Olympus). An Axopatch 200B amplifier (Molecular Devices) and pClamp 10 software (Axon Instruments) were used to record whole-cell currents. Patch pipettes were pulled from thick-walled borosilicate glass capillaries to resistances of 2-4 mO and filled with internal solution containing 120 mM KCl, 2 mM MgCl 2 , 1 mM CaCl 2 , 10 mM EGTA, 10 mM HEPES, and 2 mM Na 2 ATP (pH 7.2). Extracellular solution consisted of 135 mM NaCl, 5 mM KCl, 2 mM MgCl 2 , 1 mM CaCl 2 , 10 mM HEPES, and 10 mM glucose (pH 7.4). Two micromolar tetrodotoxin (TTX; R&D Systems) was added to block voltage-gated sodium channels.
Immunocytochemistry
For immunocytochemistry analysis on day 21 (D21), cells were fixed in 4% paraformaldehyde and 4% sucrose in PBS at room temperature for 15 min. Cells were incubated for 60 min in blocking buffer (5% goat serum, 1% bovine serum albumin, 0.1% Triton-X in PBS). Cells were incubated overnight at 4°C with primary antibody (1:100) diluted in 5% goat serum. Primary antibodies included mouse anti-nestin (Abcam), mouse anti-TOM20 (Abcam), rabbit anti-MAP2 ( Millipore), and mouse anti-Isl1/2 and HB9 (MNR2; DHSB). Alexa Fluor-conjugated secondary antibodies (1:400; Life Technologies) were added for 60 min at room temperature. After washes, VECTASHIELD mounting media with DAPI were added for visualization of nuclei. Images were obtained with an Olympus FV1000 confocal microscope. For translocase of outer mitochondrial membranes 20 (TOM20) and percent positive quantification, 10 representative fields were taken and analyzed using MetaMorph image analysis software (Molecular Devices). For TOM20 analysis, pixel values were normalized to the number of cells in each image identified by DAPI nuclear staining.
Real-time quantitative PCR
For quantitative PCR (qPCR) analysis of hESC-derived cells, DNA and RNA were extracted at 7-day time points through day 28 using the AllPrep DNA/RNA Mini Kit (Qiagen). For iPSC-derived cells, RNA was extracted at day 0 (D0) and D21 with the RNeasy or RNeasy Plus Micro Kit (Qiagen), and DNA was extracted with the DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer's instructions. Quantification of isolated DNA and RNA was performed using a Nanodrop 2000c spectrophotometer (Thermo Scientific). RNA was reverse transcribed into cDNA using the iScript or iScript Advanced cDNA Synthesis Kit (Bio-Rad). For qPCR, 25-50 ng cDNA or 0.1 ng DNA per well was loaded into a 96-well plate and analyzed with the CFX96 Real-Time PCR Detection System (BioRad). All samples were analyzed in triplicate.
MtDNA copy number was determined using multiplex qPCR targeting human mtDNA-encoded genes around the mitochondrial genome (12s rRNA, ND2, COX3, ND4) as described in previous studies [16, 53] . The mtDNA standards were prepared as described previously [16] . Six reference genes for both cDNA samples were analyzed and data were normalized to the geometric mean of two reference genes determined to have the greatest stability using the software qbasePLUS-GeNorm (14.3.3.Z and CYC1; BioGazelle). Primer sets are available upon request. Outliers were excluded at the P < 0.05 level by the Grubbs test. Statistics were calculated using one-way ANOVA or unpaired t-test in Prism software (Prism; GraphPad). Error bars represent standard error of the mean.
Western blot
Twenty micrograms of total cell protein from each sample (day 0, 21, 28) was separated on a 4%-12% Bis-Tris Criterion precast gel and transferred to nitrocellulose membranes using the iBlot transfer system (Invitrogen). ETC complex I-V subunits were detected by immunoblotting with the MitoProfile Ò Total OXPHOS Human WB Antibody cocktail (ab110411; Abcam). Anti-VDAC1 (Abcam) was assayed as an estimate of mitochondrial mass in each sample. Beta actin (b-actin; Abcam) was used as a loading control. Band intensity was quantified using the Odyssey infrared imaging system (LI-COR). Statistical analysis was performed with an unpaired t-test using Prism software.
XF24 extracellular flux analyzer
Cell metabolic rates were measured using an XF24 Extracellular Flux Analyzer (Seahorse Bioscience) in unbuffered DMEM, pH 7.4 as described previously by our group [54] . Briefly, on day 16, hESC-derived cells were seeded onto an XF24 cell culture microplate (Seahorse Bioscience) at 60,000 cells per well with 10 mM Y-27632 dihydrochloride, a selective inhibitor of ROCK (Tocris), and incubated at 37°C in 5% oxygen. After 3 days, D0 hNSCs were seeded onto the same XF24 cell culture microplate at 40,000 cells per well with 10 mM ROCK inhibitor and incubated at 37°C 5% oxygen for 24 h. iPSC-derived cells (D0 and D21) were plated at 60,000 cells per well the day before recording. Each group (D0 and D21) was tested at three to four concentrations to determine the most reliable plating density for each cell type. Inhibitors included oligomycin (1 mM) and carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) (0.5-1 mM). Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were normalized to protein concentration (Micro BCA Kit; Pierce) for all experiments to account for differences in cell size. Statistical analysis was performed with an unpaired t-test using Prism software.
Results
hNSCs differentiate into cells with motor neuron characteristics
Peripheral blood MNCs were reprogrammed from one healthy male control patient, age 62 years, using an integration-free plasmid vector expression previously described [45] . Instead of starting from hESCs, we purchased hNSCs
FIG. 1. Generation of motor neurons (MN) from human neural stem cells (hNSCs). (A, B) Representative phase-contrast images of day 0 (D0) hNSCs and day 21 (D21) MNs from human embryonic stem cell (hESC)-(A) and induced pluripotent stem cell (iPSC)-(B) derived cultures. (C, D)
Genes expressed by postmitotic spinal motor neurons, homeobox protein (HB9) and Islet 1 (ISL1), shown as normalized relative expression for hESC-(n = 4-6) (C) and iPSC-(n = 3) (D) derived cultures on D0 and D21. (E, F) Representative images of motor neuron markers, HB9 and ISL1/2 (green), and neuronal marker, microtubule-associated protein 2 (MAP2) (red), staining on D21 of differentiation from hESC-(E) and iPSC-(F) derived cultures. DAPI nuclear staining is in blue. HB9, homebox protein; MAP2, microtubule-associated protein. Color images available online at www.liebertpub.com/scd derived from the H9 (WA09) hESC line (Invitrogen). These cells have a normal karyotype and can remain in an undifferentiated state in the presence of growth factors or differentiate into neurons, oligodendrocytes, or astrocytes. To generate motor neurons, we followed protocols previously described for hESC-derived [46] and iPSC-derived [51] hNSCs.
Immunocytochemical analysis using confocal microscopy confirmed that on D0 > 90% of hESC-derived and 67% of iPSC-derived cells stained positive for the NSC marker, nestin. Phase-contrast images of D0 and D21 cells showed morphological changes, including an extensive network of processes on D21 for both hESC-derived (Fig. 1A) and iPSC-derived (Fig. 1B) cultures. qPCR analysis revealed a significant increase in transcription of genes expressed by postmitotic spinal motor neurons after 21 days of differentiation for both hESC-derived (Fig. 1C) and iPSC-derived (Fig. 1D) cultures. Genes assessed include the motor neuronspecific transcription factor, homeobox gene (HB9) [55] and Islet 1 (ISL1; n = 4-6 independent cultures for hESC-derived cells, and n = 3-4 independent cultures for iPSC-derived cells). Both HB9 and ISL1 are essential for the formation of mature motor neurons [55, 56] . After 21 days of differentiation, 46% of hESC-derived cells and 11% of iPSC-derived cells costained positive for microtubule-associated protein 2 (MAP2) and ISL1 and 51% of hESC-derived cells and 16% of iPSCderived cells costained positive for MAP2 and HB9. Representative images are shown in Fig. 1E for hESC-derived cells and Fig. 1F for iPSC-derived cells on D21. No glial fibrillary acidic protein staining was observed.
To identify motor neurons in live cultures, we infected cells with a lentivirus containing GFP under the control of the HB9 promoter as previously described [50] . Membrane capacitance (Cm) was 14.88 -1.42 pF for hESC-derived cells (n = 5) and 9.75 -0.45 pF for iPSC-derived cells (n = 7; Fig.  2A ). Resting membrane potential (Vm) was -39 -3.84 mV in hESC-derived cells (n = 6) and -31.6 -4.82 mV in iPSCderived cells (n = 10; Fig. 2B ). Membrane resistance (Rm) was 2 -0.3 GO in hESC-derived cells (n = 5) and 3.77 -0.85 GO in iPSC-derived cells (n = 6; Fig. 2C ). Passive membrane properties were not statistically different between cell types.
Whole-cell patch-clamp recordings evoked currents by voltage steps from -80 to + 70 mV in 10-mV increments from a holding potential of -60 mV. A representative current trace of a motor neuron on day 28 of differentiation in an iPSCderived cell suggests the presence of voltage-gated sodium channels, accounting for the fast-activating, fast-inactivating inward current and voltage-gated potassium channels as suggested by the outward current (Fig. 2E-i) . Addition of 2 mM TTX, a blocker of voltage-gated sodium channels, blocked the inward current (Fig. 2E-ii) . Current densities normalized to cell size were determined by dividing peak current amplitudes by cell capacitance. Sodium current density was -29.10 - Fig. 2F . Rheobase, the minimum amount of current necessary to generate an action potential, was also determined ( Fig. 2D; 23 .75 -9.44 pA hESC-derived cells; n = 4, -10.75 -11.88 pA iPSC-derived cells; n = 4). The fact that some iPSC-derived cells fire action potentials after hyperpolarizing current injection suggests the ability for spontaneous action potential formation.
Mitobiogenesis increases with motor neuron differentiation
To investigate changes in mitobiogenesis during the differentiation of hNSCs into motor neurons, we assessed gene expression of mitobiogenesis signaling and transcription factors. qPCR analysis revealed increased expression of PGC-1a and its downstream targets, POLG, POLRMT, ERRa, and NRF1, in hESC-derived cultures ( Fig. 3A ; n = 3-6). Expression of all genes peaked at D21 of differentiation, coincident with motor neuron markers. TFB2M showed a slight increase in transcription during differentiation (P = 0.058; Fig. 3A ; n = 3-5). Interestingly, TFAM and NRF2 expression levels were not statistically different across the time of differentiation. Expression of ERRa was increased in iPSC-derived cultures (Fig. 3B) .
To measure the mtDNA copy number, we analyzed four mtDNA-encoded genes spatially distributed around the mitochondrial genome, ND2, ND4, COX3, and 12S. On D21 and D28 of differentiation, we found a slight decrease in mtDNA copy number when compared with D0 for hESC motor neurons (Fig. 3C, n = 4-6 ). This finding was statistically significant in the iPSC-derived motor neurons (Fig.  1D) . The lack of variability in copy numbers of the four mtDNA-encoded genes assessed implies that there are no major mtDNA deletions in either cell type. Analysis of mtDNA-encoded gene expression revealed a statistically significant increase in ND2 and ND4 for hESC-derived cells (Fig. 3E) , but iPSC-derived cells were too variable to determine a significant increase ( Fig. 3F ; n = 3-6).
Motor neurons increase coupling to ATP synthesis and decrease glycolytic flux compared with hNSCs
Respiration analysis of hNSCs (D0) and motor neurons (D21) was performed in both hESC- (Fig. 4A, B ) and iPSC- (Fig. 4C, D) derived cells with the XF24 Extracellular Flux Analyzer. The XF24 measures OCR and ECAR, an estimation of glycolysis from lactate production, in adherent cultures. Basal respiration was unchanged in D21 cells; however, hESC-derived cells showed a trend for increased coupling to ATP synthesis when treated with the ATP synthase inhibitor, oligomycin (Fig. 4A ). There was a 57% decrease in D21 respiration with the addition of 1 mM oligomycin compared with only a 48% decrease in D0 cells (Fig. 4A) . Interestingly, the OCR did not increase above basal levels with the addition of 0.5 or 1 mM FCCP in either cell type. This suggests that cells are already respiring at maximum capacity. There was a statistically significant decrease in ECAR on D21 in both hESC- (Fig. 4B ) and iPSC- (Fig. 4D) derived cells, suggesting a decrease in glycolysis with motor neuron differentiation.
Respiratory proteins, but not mitochondrial mass, increase with motor neuron differentiation
To investigate if the decreased reliance on glycolysis and increased coupling to ATP synthesis was due to increased mitochondrial mass and/or respiratory proteins, we analyzed protein expression of ETC complexes and voltagedependent anion channel 1 (VDAC1) for both cell types. VDAC1 is an abundant outer membrane protein and a marker of mitochondrial mass. Representative blots are shown for hESC- (Fig. 5A ) and iPSC- (Fig. 5C ) derived cell types. Western blot analysis revealed an increase in complex II (CII) protein expression for hESC-derived cells and complex III (CIII) and complex V (CV) for iPSC-derived cells on D21 when normalized to b-actin (Fig. 5A, C) . Percent change from D0 of all respiratory proteins analyzed revealed a statistically significant increase on D21 of motor neuron differentiation for both cell types (Fig. 5B, D) .
Interestingly, VDAC1 expression remained unchanged in both cell types, suggesting no change in mitochondrial mass (Fig. 5A, C) . To investigate this finding further, we stained D0 and D21 hESC-derived cultures with another marker of mitochondrial mass, TOM20. When normalized to the number of DAPI-stained nuclei per field, there was no change in the TOM20 area between hESC-derived D0 and D21 cultures (Fig. 5E, F) . This implies that cells may be increasing the activity of the ETC, but not the total mitochondrial mass. Together, these results suggest that mitobiogenesis is upregulated and that cells switch from aerobic glycolysis to mitochondrial OXPHOS during motor neuron differentiation, perhaps by increasing protein levels of respiratory complexes.
Discussion
This study has three major findings. First, we have generated neurons expressing multiple markers of mature motor neurons from commercially available hNSCs and iPSCs derived from peripheral blood MNCs. To the best of our knowledge, this is the first report of MNC-derived iPSCs being differentiated into motor neurons and represents a novel finding. The use of peripheral blood MNCs for reprogramming may be more clinically favorable to fibroblasts because of their low exposure to environmental mutagens, less invasive sampling procedure, and favorable epigenetic profile [57] . Gene expression of postmitotic spinal motor neuron markers increased significantly during differentiation, including a motor neuron-specific transcription factor, HB9, which peaked at D21. Interestingly, punctate nuclear staining of HB9 and ISL1/2 was observed in hESC-derived cells on D21. Previous studies have shown cytoplasmic and punctate nuclear staining of HB9 in early stages of differentiation, similar to what is seen here [58, 59] . Future studies using these cells may wish to explore later time courses to explore the change in cellular localization of these transcription factors.
Second, we showed that differentiation of hNSCs into motor neurons increased expression of the mitobiogenesis master regulator, PGC-1a, and many of its downstream targets. These results are consistent with PGC-1a acting through an ERRa-NRF1-mediated pathway to increase mitobiogenesis. The finding that not all mitobiogenesis genes were significantly increased in iPSC-derived cells after 21 days of differentiation could mean that these cells increase mitobiogenesis gene expression earlier or later in the differentiation process. Our experimental design did not let us distinguish between these possibilities. By learning more about mitobiogenesis, a process impaired in ALS, we may be able to help identify targets for drug discovery.
Third, western blot and respiration analyses revealed that while mitochondrial mass, assessed by two independent measures, remained unchanged, representative members of ETC complexes increased with motor neuron differentiation. This is consistent with previous studies that found no increase in mitochondrial mass between hPSCs and differentiated cells [37, 40] . We now extend these findings to a more specialized phenotype of clinical interest, motor neurons. However, we did not quantify TOM20 staining in iPSC-derived cells. Previous studies have shown a metabolic shift from glycolysis to OX-PHOS with spontaneous differentiation. We show a switch from glycolysis to OXPHOS based on reduction of ECARs during motor neuron differentiation. Our findings build on the current literature and further understanding of mitobiogenesis (F) Quantification of the TOM20 area per cell in hESC-derived cells. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Color images available online at www.liebertpub.com/scd during the differentiation of hNSCs into motor neurons. However, our experiments do not provide insight into which upstream molecular signaling events are responsible for the stimulation of mitobiogenesis during hNSC differentiation.
In summary, we demonstrated in two different stem cell lines (one from hESC, one from iPSC) that increased mitobiogenesis signaling and functional increases in mitochondrial capacity accompany motor neuron differentiation. We demonstrated increased mitobiogenesis at multiple levels: expression of upstream regulatory genes (eg, PGC-1a, ERRa); increased transcription of mtDNA-encoded genes; and increased levels of multiple representative mitochondrial OXPHOS proteins. We observed these mitobiogenesis changes without any detectable increase in mitochondrial mass, suggesting that altering the energy-producing capacity of exiting mitochondria can increase mitochondrial OXPHOS function. Increased mitobiogenesis during motor neuron differentiation suggests the possibility that motor neurons are both more dependent on mitochondrial energy production and more vulnerable to mitochondrial bioenergetic impairment.
Our studies of human cervical spinal cord and peripheral blood MNCs from sALS subjects found reduced mtDNA gene expression and impaired mitobiogenesis signaling [29] . We do not yet know the origin(s) of this deficit in mitobiogenesis in ALS, except that it does not appear to be derived primarily from the decreased mtDNA gene expression [30] . hNSC-derived motor neurons may (or may not) serve as reliable platforms for discovering the molecular defects leading to impaired mitobiogenesis signaling or testing survival-enhancing therapies in ALS. The production of biochemically differentiated and electrophysiologically active iPSC-derived motor neurons from peripheral blood MNCs shown in this work is both novel and implies that using these motor neurons from ALS and control subjects for therapy discovery is now approachable.
